Abstract: The processing of organic substances by vacuum deposition is opening new possibilities for the properties of optical surfaces. Organic small molecules can be evaporated and deposited like optical thin films. Plasma etching, which has been successfully applied to generate nanostructures on polymer substrates, is now used for obtaining antireflective nanostructures on top of interference stacks on glass. The latest results in achieving excellent antireflective properties for a wide range of light incidence angles were accomplished through multiple etching of polymer substrates and organic layers.
Introduction
Reducing reflected light in optical systems is one of the basic aims of photonics. The reflection of light causes a loss in the intensity of transmitted light and also generates ghost images and stray light, which reduce the image quality in an optical system. It is obvious from theoretical knowledge that antireflection (AR) interference stacks have limitations that cannot be overcome with the available compact thin-film materials, and that a gradient layer or nanostructure with sufficient thickness would provide better AR performance for broadband and wide-angle requirements [1] - [4] . One method to produce AR nanostructures is plasma etching, which has been introduced and successfully applied on certain plastics, such as poly(methyl methacrylate) (PMMA) and cycloolefin polymers (COPs) [5] , [6] .
Organic layers as thin film materials were evaluated to identify compounds suitable for forming nanostructures by plasma etching. For applications on glass, organic films are used as a transfer medium to generate a low-index single layer or as the outermost layer for interference stacks. The vapor deposition and etching of organic layers on glass offers a new possibility to achieve homogeneous antireflective properties, especially on curved lenses. On the inclined areas of a lens, a vacuum deposited layer will be thinner, but the etch rate will also be lower than on a horizontal area. The disturbance of antireflective interference stacks on curved lenses caused by the different layer thicknesses on the inclined surfaces can be reduced in this way.
In this paper, we will concentrate on the properties of organic layers regarding nanostructure formation, on advanced antireflective systems composed of interference layers with an organic top-layer, and on combinations of multiple etched organic layers for broadband antireflection on glass and plastics.
Antireflective Nanostructures by Plasma Etching
The significantly increased number of papers about AR structures over the last 5 years has revealed, on one hand, a growing demand for improved wideband AR solutions, and, on the other hand, a manifold of new technologies for generating nanostructures [7] , [8] . Our previous work described the self-organized formation of stochastically arranged AR structures on polymers using a low-pressure plasma etching process [5] . The advanced procedure, which expanded the scope of the technology, involved the deposition of a thin oxide layer prior to etching [9] . A broad range of structures with different morphologies and AR properties can now be generated on almost all types of polymer materials. Examples include polymers processed by injection molding, casted polymer resists and web materials, such as polyethylene terephthalate (PET) [10] . A typical structure generated on PMMA and the reflectance achieved by applying the structure is shown in Fig. 1 .
For polymers, the etch step can be applied using a common box coater equipped with an ion source, which is mainly used for ion bombardment processes to densify growing, inorganic films. A suitable etching rate is achieved at low pressures (10 À4 mbar range) with Ar/O 2 plasma, where the ions are accelerated in the direction of the substrates at ion energies of up to 150 eV. However, these conditions are unsuitable on glass or other inorganic substrates, which require much higher ion energies and preferential chemical attack by fluorine [11] . Therefore, organic thin films deposited by evaporation are used as a transfer layer. Many organic compounds that are not polymers exhibit a discrete melting point and can be evaporated to form thin films. Currently, these compounds are used especially for organic electronics [12] , [13] .
Favored compounds with good properties for AR structure formation are, among others, 2,4,6-triamino-1,3,5-triazin (melamine), 2; 2 0 -methylenebis(6-(benzotriazol-2-yl)-4-tert-octylphenol) (MBP) and tris(4-carbazoyl-9-ylphenyl)amine (TCTA) [14] , [15] . Fig. 2 shows scanning electron micrographs (SEM) images of structured films on glass. Melamine is especially easy to handle. During plasma etching, a pillar structure originates in a self-organized way. The reflection minimum can be shifted over the visible range by tailoring the etch conditions. At the same time, the filling factor of the structure and its effective refractive index is varied over a certain range, and the structure can exhibit more or less gradient character [15] .
Advanced AR Systems
Achieving antireflective properties in wavelength ranges exceeding the visible spectral range or for a broader range of light incidence angles remains challenging. The residual reflectance achievable with AR interference stacks depends mainly on the refractive index of the last layer, which consists commonly of SiO 2 or MgF 2 . The residual reflectance can be decreased by substituting the last layer with a nanostructured layer. Initial designs have been evaluated and implemented first by applying plasma-etched PMMA as a top-layer and, quite recently, by using a structured melamine layer as the top-layer [16] , [17] . In either case, the requirements regarding the precision of the sub-layer system and the reproducibility structured top-layer remain challenging. Alternatively, combinations of layers with decreasing effective refractive index from the substrate to the outermost medium are promising, especially for curved substrates. Stacks consisting of at least two nanostructured layers were prepared by glazing angle deposition (GLAD) [18] and by the wet-chemical processing of porous polymer layers [19] .
Etched nanostructured surfaces can provide broadband and wide-angle AR performance if a sufficient structure depth in a range of at least 200 nm can be realized. Scattering can be minimized by applying two successive layers instead of one thick layer. The first material used should have a lower etch rate than the material used for the outer layer. The lower etch rate of the first material together with a thin silica interlayer on top of the first structure can ensure that the first structure is stable during subsequent etch steps. The whole stack has to exhibit a decreasing effective refractive index from the substrate side to the surrounding air.
In a first experiment, broadband AR characteristics were realized on a cycloolefin polymer (COP) substrate. The polymer substrate was etched first to form a nanostructure with a depth of approximately 90 nm and an effective refractive index n ¼ 1:3. This structure was covered first with a thin silica layer, followed by a nanostructured melamine layer. Another thin silica layer was added on top for protection. The transmission achieved and the SEM image of the double-structure are shown in Fig. 3 . For comparison, the transmission of the single structure, achieved by the first etching step is also shown.
In particular, the behavior at higher light incidence angles was improved markedly by adding the second structured layer. The double-structure, with a total thickness of approximately 220 nm, achieved an approximately 1.4% residual reflection by averaging the spectra measured at 0 , 45
and 60 light incidence angles in the visible spectral range (400 nm-800 nm). Note that such low residual reflectance would not be obtained by applying common interference stacks.
For future applications, the evaporation and etching of several organic materials is under development. The vacuum processing of two or more organic layers step by step will allow the application on substrates which cannot be etched directly. Especially optical glass and semiconductor materials are addressed. Possible applications comprise LED's, illumination optics and solar concentrators. Depending on the refractive index of the substrate, also inorganic layers like porous oxide and fluoride layers can be used as sub-layers with intermediate refractive index. In some cases only one etched organic layer exhibiting a very low effective index is sufficient on top of the inorganic sub-layers to obtain an advanced antireflective system. In contrast to other methods for producing nanostructures, the plasma etching of organic materials can be applied over large areas. Common industrial coating machines can be used to carry out all process steps in a single closed vacuum process. Moreover, the procedure functions on flat substrates, on curved lenses and on microstructured surfaces (for instance, Fresnel lenses) as well.
Another promising application for vacuum deposited organic coatings is to prevent the yellowing and degradation of polymer substrates. In these applications, UV-absorbing materials like MBP are useful [20] . 
